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(This abstract is UNCLASSIFIED. ) .  

ABSTRACT 

Dynamic stability tests were conducted in the 40-Inch Supersonic 
Tunnel  (A) of the von Kdrma'n Gas Dynamics Facility on a 0.05-scale 
Apollo Command Module at  Mach numbers 1 .5  throueh 6 and on a 
0.059-scale Apollo Launch Escape Vehicle at Mach numbers 1.5 through 
4. Data were obtained at Reynolds numbers, based on maximum body 
diameter, ranging from 0.31 x 106 to 3.56 x lo6 for the command modlu:c 
and 0.36 x 106 to 5.28 x 106 for the launch escape vehicle. The models 
were  tested at model oscillation amplittides of f2 to f15 deg for the 
command module and f3 to P12 deg for the launch cse=rpe vehicle. 
Selected test results are prestxled. 
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NWENCLATUOaP 

Reference area (based on mavirnum model diam), It2 

pitching-moment cocfficien!, pitchirig rPoi-cer;:lcgkd 
-. 

acm/a(qd'2V9) hn:pfrrg-in-pitch derivatives, 1 /red . .  dCm/dad/  2VJ 
Cycles to  damp to a given amplitude ratio R, cycles 

Reference length (maximum mcdel dtam), ft 

Frequency of oscillation, cycles/sec 
Model moment of inertia about the pivot axis, olug-ft2 

Natural logarithm 
Free-stream Mach number 

Angular restoring moment parameter, ft-lb/rad 
ft-lb see 

rad Angular viecous damphg moment parameter, - 
ft-lb S ~ C  

1-ad 
Aerodynamic angular viscous damping moment * m e t e r ,  

Pitching vciocity, radlrec 

Free-stream dynamic pressure, Iblft2 

Ratio of the amplitude of a damped oscillation after a given 
number of cycles to  the initial amplitude 

Reynolds number based on maximum model diameter 

Time, sec 

Free-stream velocity, f t /sec 

Angle of attack, rad or deg 

Trim angle, deg 

Time rate of change of angle of attack, rad/sec 

Angular displacement from trim angle, rad or de2 

Angular velocity, radlsec 

Angular acceleration, rad / sec2 

Anialar frequency, rad/&ec 

Rcduced Prequency parameter, rad 
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0 Maximam conditions 

8 Structural conditions 

W Wind-on conditions 
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* .  . 
A t  t k e  req~iez-t cf the Natjoml A E . ~ G ~ I ; ? J * ~ c B  end S p x e  AdmLr 

. .  . . Manned Spscec1*a*t ~.k i+P? (NhSr**-Pm2), d:;T".RrniC nk%%liPy testru 
~OriG~l~tocf at the von Kr;rm&n Gas rjynomics Facility (ViW), Arncld Ergf- 
nearing hvelopment  Center (AEDC), Ais Force Systems Command 
(AFSC), for the Xorth American Aviation Company (NAA). The purpose 
of these tes ts  was t o  determige the  e€fect of oscillation amplitude, Mach 

. the aerodynamic damping characteristics oE an Apdlo  Command Modu1.e 

.. ., 

. I  . .  
' 

. .  . number, Reynolds number, cg position, and the addition of atrake6 on 
.. 

. .  (CRI) Model and a Launch Escape Vehicle (LEV) M ~ d d  at supersonic 
speeds. 

: I. . . .  
. The tes ts  were conducted in the 40-Inch Supersonic Tt'unnal (A) during 

, the period from Apri l  18 through 25, 1963. Data were  o5taked r'th the. 
0.050-scale command module over a Mach number range of 1.5 tlx-ough 
6 at Reynolds numbers ranging from 0.31 x 106 to  3.56 x 105 m ~ d  ~ , i t h  the 
0.055-scale launch escape vehicle over a Mach number r21-12~ s!' I .  5 
t h r ~ u g n  4 at Heyi\ddn nurnbcr.; ranging f rom 0.36 x lo6 to 5 . 2 8  3.: ZGa. 
All Re_vnolds n r i r n i ; P r c  i l r ~  bawd WI thrt r n s a x + m ~ ~ ~  TP&I hpiy + R T * + ~ : - : ^ .  

&ita are presented in the form of the d~~-~-gplng- ir~-pi t~h derivative:: S s ' r  
the command rnadule and lauxch escape vehicle at oecilMion G L P ~ ~ ~ ~ Z ~ O C  

(about thk t r im stttitude) of f 2  to f15 deg and i 3  to f.12 dcg, reapecrively. 

. .  

n 

' 

' .  

2.0 APPARATUS 

2.1 WIND TLIHNEL 

The 40-Inch Supersonic Tunnel (A) (Fig. 11, is a continuous, closed 
circuit, variable density wind tunnel with an automatically driven, flexible- 
plate-type nozzle. The tunnel operates at Mach numbers from 1.5 to 5 at 
maximum stagnation pressures from 29 to 200 psia, respectively, and 
stagnation temperatures up to  300°F (M, = 6) .  Minimum operating pres-  
s u r e s  are about one-tenth of the maximum at each Mach number. A com- 
plete d e ~ ~ s l p t i ~ j n  of ths turnel and &H~oY< ~ ~ l f b r ~ t i t k o i ~  i d o ~ ~ ~ ~ t i o n  is ~;VC,Z 

in Ref. 1. 

. 

Two distinct balance systems were used in the pre~ent test program. 
Both were large amplitude (It20 deg) free oscd3lratfoHt systems; each was 

. .  Manuscript received August 1963. 
. .  
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equipped with a displacing-re casing rncchan,srn which a !owed the mode 
to be released at any intermediate angle of attack. 
were used with each syctcm and were of the variable reluctance type 
whfch provides 3 crt~tiniisila t i a e  history of rnociqz! dfsplacerent  yet re -  
c7uii-e~ no physicai cot;wc.tien b :tween tht. uiovir~g ai l3  statiomry pnrts 
of the bnlancco. These transifwere sho\\m in  Figs. 2 and 3 and described 
in detail in Ref. 2, produce an .,,slog signal. which is proportional to the 
angular displacement of the model. 

Angular  transducers 

The basic gas bearing balance system is shown in  Fig. 2. The pivot 
used in this system (Fig. 4 )  is a cylindrical, gas journal bearing with 
inherent orifice Compensation. A complete calibration of the load car ry-  
ing ability and damping characteristics of this gas bearing can be found in 
Ref .  3.  

The balance displacing mechanism as provided by NAA was  operated 
manually. The model was positioned by the push-pull rods. the asso- 
ciated flex shafts, and the buckets on the model sector (Fig. 2). After 
the model w a s  positioned a t  the desired angle of attack, it was locked in 
place by the brake and the flex; sf!r4-is w p r e  r e t r zckd .  After releasing 
the modsl. Lhe brake couid be used to L;I 'E'~SE the model to re-eszage the 
flex shafts. 

The mechanical bearing baiance system is shown in Fig. 3 a d  was 
designed and constructed by NAA. 
instrument-type ball bearings which were each capable of withstanding a 
radial load of 250 lb. 
servomechanisms which made its operation completely automatic. Two 
of the servos were used to  position sild release the model while the third 
was  used to  a r r e s t  the model motion. 

The pivot of this system was two 

The model displacing mechanism consisted of three 

With the top slide plate in the most fcrward position, the bottom slide 
plate with associated rack gear could be driven forward or  art to position 
the niodel. This was accomplished throcgh the contact of the rack gear, 
drive gear, and gear plate. A model release was obtained by activating 
a servo to  move the top s l ide  plate to its furthest aft position, thtis disen- 
gaging the drive gear and gear plate. The third servo, which activated 
tile cam, was used to :trrcst the modd shovld it bcgiri t o  diverge or to 
hold the model in position to re-cngagc the ge;;s. 

r' 

i 

The 0.05-scale Apollo Command Filfdule ( F i g .  5) m d  0.059-scale 
Apollo Launch Esc:ape Vehicle (Fig. G) were ciesizned and constructed by 
the North Americari Aviation Company. Both models were  constructed of 

2 
I 
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aluminum and rnagnesfnrn in an effort to minimize their mornente of 
inertia. In addition, the models were decigned so that the balance pivot 
axis could be located at various places in the model correfiponding to ex- 
pected cg pcsitiono oi the full-scale vehicle. It wao n,xemFtry to b; ;Tost 
these models for each gtivot axis location so that 1Se r,:od.jl center G! 
gravity was placed at  ths iivot oxis of the balance. Each model w d ~  de- 
signed with removable atrakes which a r e  shown in Fik. 7. 

The 0.05-scale command module was designed to  allow *20  deg af 
motion about a nominal trim afigle of 148 deg from the two c$ positions 
as shown in Fig. 7. The 0.059-scak launch escape vehicle, shown in 
Fig. 8, was designed with an enlarged section near the apex of the  com- 
mand module, which w a  necessary to locate the balance pivot at the  
basic and centerline cg positions. With the balance at any of three eg 
positions, the LEV model could be oscillated *26 deg about a nominal 
trim angle of zero. 

.~ 
Installation photographs of the command module an4 :aunch escape 

vehicle in the 40-Inch Supersonic Tunnel (A) are shown in F i g .  9. 

Existing damping -in-pitch data obtained for the command modde 
and launch escape vehicle did not provide sufficient knowledge d r):e 
effect of oscillation amplitude on the damping-in-pitch derivativeg o? these 
vehicles. This test program was therefore initiated in an attcmpt to eva3- 
uate the effect of Mach mmber, Reynolds mmber, addition of Etrakes, 
cg  position. 2nd primarily the effect of amplitude of oscillation on the  
damping-in-pitch derivatives of the command module and launch escape 
vehicle. 

A test  program of t h i s  type necessitates large model osciflatfan am- 
plitudes (f20 deg) and, In addition, requires that the true model-mrdion be 
realized. 
eecape vehicle which had an unsymmetrical aerodynamic restor:'r.g rxment. 
This requirement can b? accomplished only if th9 non-aerodya 2 T ~ i C  Effects 
on the model motion such as balance restoring moment a d  t a r e  darnpjng 
can be eliminated or minimized. 

The latter requirement was  particularly true for the launch 

The free-oscillation technique employed d l O W 6  the model to be "flown" 
free from any external restoring moment. The damped osc i l la t s r j  rnotio? 
resulting from this technique is most conducive to studying the charac- 
teristics of the a e r o d p m i c  damping. 

3 
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The equation cf motion for a free-oscillation, one-degree-of-freedom 
ayatcm may be cxprcsced as 

1; - r.146 - MOO - o (1) 

The method far computing the dimensionleos damping-in-pitch dcrivva- 
tdves Esom t h e  f'ree-oscillaticn tests ia indicated as ioilows: 

The above linear theory can be applied to a non-linear syotem, such 
as the systems encountered in the  present tests ,  when the data are re- 
duced over ar. amplitude range for which the motion can be npproxiptated 
aB being exponentially damped and where the frequency remzins approx- 
inn3ttely consfant. 

The test  procedure was to displace the model from its t r im attitude 
to the desired angle of attack end release it. 
signal provided by the aforementioned aq$ar transducer was recorded on 
8 direct writing oscillogrrph and on magnetic tape by a high speed digital 
converter. IBM 7070 corn- 
puter by a free-oscillation data reduction program. 

The resulting oscillatory 

Dsta was reduced from th9 mase t i c  tape on 

4 
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4.8 BRECIS1ON OF MEAWREMINTJ 

The a p . h r  trncsdiicers for each balance were C A ? ~ ~ = T Z ^ , ~ C ~  d ~ ~ h g  
bench tests both befsre and after each tunnel test perfoil. and chaA: 
calibrations were made periodically during the runs to determine if any 
changes in calibration factors had occurred. Transducer calibrations 
were obtained through the use of known dispiecements, and model dis- 
placement was known within k0.5 percent of the maximum value of the 
range in  which the parameter was calibrated. 

. The ball bearing balance used with the L E V  model was calibrated 
This tare damping was  to  obtain values of ball bearing tare dsmping. 

found to vary with radial load, frequency of oscillation, sard amplitude; 
therefore, to obtain values of aerodynamic damping for, the launch 
escape vehicle, the tare  damping values were corrected to the wind-on 
conditions before subtracting them from the to?al values., It was not 
necessary to correct command module data for tare  damping because of 
the negligible level of the  gas bearing damping. 

Conni+rin,a t h e  2bt)c)we 1.1ncert~.inties LZ each systkrn, th.n ?rt~zx?tr:.i_ 
maximum uncwtainties in Cmq + Cm;y f o r  the command pnodulc are 
fO. 12 and for the launch escape vehicle, io. 50. 

The effect of Mach number, Reynolds number, oscillation amplitude, 
cg position, and the addition of strakes on the damping-in-pitch deriva- 
tivea f o r  the command module are shown in Figs. 10 through 12. 

The oscillograph traces which described the osrillatery motion of 
the command module indicated that both the motion and the damping were 
symmetrical ahout the trim attitude. Variations in Mach number, .Rep-  
o lds  number. oscillation amplitude, and module configuration were found 
to  have rro nisificant effect on the dampir*g-in-pitch dcri-mtiueo exc@ 
at Mach I .  S w h r e  am-plitude of oscillation and rernovd ~i the strokes had 
an effxt  on the level of the dmping-in-pitch clerivativea (Fig. 11). 

Motion of the launch escape vehicle, unlike that o€ the command mod- 
ule, was unsymmetrical about the trim attitude and deviated greatly f$om 
the damped motion described by Eq. (1). The damping coefficient (Mi) 
varied with frequency and the oscillation amplitude and was xmymmetrical; 
1. e., the envelope curveB of the positive and negative peaks had different 

5 
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. .  . '  .. . 
. I  . 
. .  

variations with time. "herefore, a data reduction procedui-e was de- 
veloped so that vdues of dampirig could be obtained from the envelope 
durvs of the positive and negative peaks indcpenler.tly. 

. 
' . .  

, .  
. .  Ti28 k G t l I t D  idkOtG'&:3&d in fPfgQ. 13 thFO';1gII 16 j;adiC&?.C th3.f Cm ha- 

cream in Reynolds ntrrnker wao stabilizing a d  tlizt at the higher Freyn- 
.olde numbers, the lounch escape vehicle w-aa dynamically stable over 
the amplitude ranges tested. These data alno indicate that amplitude of 
oscillation had an effect on the damping-in-pitch derivatives. 

I. . 

, .  

:. 

. Rcsultii obtained at Mach numbers 1.5 through 4 for the basic cg con- 
figuration with strakes are presented in Fig. 13. These data show that . 
limit cycle8 exiated at the lower Reynolds numbers for all Mach numbers 

.. with'the exception d Mach 2. A comparison of the data for Mach numbers 
where the mapitude of the Reynolds numbera is approximately the 8ame 

' 

indicates that the level of the damping derivatives increased with hcreas- 
ing &Tach nuaber. 0 

. '  
. -  

. .  

Data obtained at Mach numbers 1.5 "&rough 3 for the basic cg eon- 
f issat ion WWIOU'~ strakes ;rre pream,eei( in ~ i g .  14. T ~ Z  r ,mh  1 . 5  ;=-3 a 
FPRIIIQM, twhioh y r 9 1 ~  &!a*-& sS, z ~ ~ ~ Q : : L Y > ~ ~ ~ ~ ~  .b,ke :;:zzc zz;.ze?dg 3t;z. 

ber, indicfite that the level of the domp!ng-ln-pitcri ch;iv2five5 dncrcaaed 
with Mach number. A comparison of the dsta &tolitad for both corJigu- 
.rations of the basic cg (Figs. 13 and 14) at the higher R e p o l d a  numbers ' 
. for Mach numbers 1.5 through 3 reveals that a slight increase in model 
damping waa obtained by removing the etrakee. In wddition, the two seta 
of data indicate that for the lower Reynolds numbers zit Mach 3, removing 
the s t rakes  had no effect on the amplitucie of the limit cycle. 

. 
position are presented in Fig. 15. These data indicate that limit cycles 
existed for the lower Reynolds numbers at Mach 3 and 4. A comparison 
of these data with data obtained at the baaic cg position at Mach numbers 2 . 
and 3 indicates that at the higher Reynolds numbers, model darnping de- 
creased elightly a8 the cg w~ moved from the basic to the alternate posi- 
tion. This comparison also shows that for the lower R e y ~ ~ A d s  number at 

. . 

Resulte obtained at Mach numbers 2, 3, and 4 for the alternate cg 

. . Mach 3, the WplitIode of the Z i d t  cyde  k i d  i~~rea t ; ed  at the ~Gzittt~~siaCe 
polsl sa don. 

Data obtained at Mach nu-ders 1 . 5  through 3 for t h  centerline cg 
position are presented in Fig. 16. Them d a " ~  show tb?t the damphg at  
Mach numbers 2 and 3 was unsymmetricd. Cne w m k i  c q a c t  khz trim 
angle of this configuration to be zero since it has ht ' r t  n ~ y ~ e t ~ k z l  
ehap and cg position; however, the trim angle at P&ach 1 . 5  and 3 was a 
positive 0.96 and 2.16 deg, respectively. A comps3mn of these ,data and 

6 



that of the basic cg  (Fig. 14) a t  Mach nunibcr 3 reveals that at  the lower 
Reyndds  number, the limit cbcle was eliminated when the cg was moved 
from. t h e  basic to the centerline pasition. 

Free-oscillation dynsmic stability tests were conducted on a 
0. 05-scale Apolio Command Module at Ivlach numbers 1 . 5  through 6 and 
on a 0.059-scale Apollo Lzunch Escape Vehicle at Mac11 numbers 1.5  
throug2 4. Data were obtained at Reynold;. numbers, based on maximum 
body diameter, ranging from 0 . 3 1  x 106 to 3.56 x 106 for the command 
moduk and 0.36 x 206 to 5 .28  x 106 for  the launch escspe vehicle. C m -  
clusiong based on these data, obtained a t  oscjllatiop. amplitudes about the 
t r i m  ar.gle of f2 Po C15 des for the command module and f3 to  f12 deg 
for the launch escape vehicle, are as follows: 

1. sigLificc;_~ - I  * L  u i i c ~ l i  - ?*- i l r i  ;lie ~ ~ ~ ~ r , ~ ~ ~ ~ ~ ~ - i ~ I - ~ ~ ~ ~ ~ i  dei-i~;~i;~~t!.> (;< itle 
commznd mcdule was obhined from variations of Xach numl.er, 
Reynclds ntlmber, o ~ c i l h t i m  rmpiitt~:fr, and module configura- 
tion except a t  Mach 1. 5 wtiere removing the ztrakes increwed 
the damping-in-pitch derivatives at  oscillation amplitudes above 
8 = -L2 deg and caused model damping to increase with amplitude. 

more, i t s  aerodynamic damping and oscillatory motion were sym- 
ne t  ric a1 . 

2. No instabilities existed for the command rnodul?, and further- 

1. Both the oscillatory motion and the aerodynamic damping of the 
launch escape vehicle were unsymmetrical. 

Iz,mpliludr oi o:.:cillntion ar’fc::t~~? thz level of the &xrr.jfng-in- 
pitcl! derivatives for the !aunch escap vehick si  d11 Is2seh nvmbctr1r;; 
however, this effect generzlly decreased with decreashg Mach 
r,cr.ber. 

Inereasin2 R~ynolds  number increased the level of the damphg- 
in-pitch derivatives far al l  models tested. The launch escape 
vehicle was positively damped at the hisher Reynolds numbers; 
hotvever, limit cycles did exist at thz lower Reynolds niimbers 
and at *&.e lower amplitudes of oscillation. 

2 

3. 
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I! :. 
1 :  ii 4. At the baafc cg pazition, removing the strokes di@ly fncreaased 

the level of tho aerodynamic dampha; for the lsunck e~capc ve- 
hide at Mach numbers 1 .5  through 3. 

. .I i 

i J  
I -  
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